In a 31 P-NMR spectroscopic study of cultured M2R mouse melanoma cells, we previously demonstrated the acute stimulation of three peaks in the phosphomonoester region of the spectrum by [Ahx 4 , DPhe 7 ]A-melanotropin (concomitant with an increase in cellular adenosine 3′,5′-phosphate (cAMP) and a decrease in ATP [Degani, H., DeJordy, J. O. & Salomon, Y. (1991 ) Proc. Natl Acad. Sci. USA 88, 1506Ϫ 1510. Chemical identification of these metabolites was performed in this study using 32 P metabolic labeling and polyethyleneimine-cellulose thin layer chromatography in combination with 31 P-NMR and
In a 31 P-NMR spectroscopic study of cultured M2R mouse melanoma cells, we previously demonstrated the acute stimulation of three peaks in the phosphomonoester region of the spectrum by [Ahx 4 , . Chemical identification of these metabolites was performed in this study using 32 P metabolic labeling and polyethyleneimine-cellulose thin layer chromatography in combination with 31 P-NMR and
13
C-NMR spectroscopic methods. Two of the stimulated signals were identified as P 1 and P 6 of fructose 1,6-bisphosphate (FruP 2 ) and their mode of regulation by A-melanotropin was examined. The FruP 2 response to A-melanotropin coincided in time and dose with a rise in cAMP and a decrease in levels of ATP, while elevation of cAMP by forskolin alone did not increase FruP 2. The stimulatory effect of A-melanotropin was not associated with a change in the overall rate of glycolysis, suggesting that FruP 2 levels were not rate limiting in this process. The data suggest the presence of a previously unknown response of M2R melanoma cells to A-melanotropin, which coincides in time with enhanced cAMP accumulation but is not mediated by cAMP and may relate to the control of FruP 2 in a non glycolytic context.
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A-melanotropin controls the synthesis of melanin in melanocytes by cAMP-mediated regulation of the levels and activity of tyrosinase, the rate-limiting enzyme in melanin synthesis [1Ϫ 4] . The cAMP response of M2R mouse melanoma cells to Amelanotropin has been previously studied in our laboratory [ 5Ϫ 7] . Stimulation of the cells by A-melanotropin and a low synergistic dose of forskolin, in the presence of isobutylmethylxanthine (iBuMeXan), resulted in an unusually high cAMP response; nearly 50% of the cellular [ 3 H]adenine was converted into [ 3 H]cAMP [5] . This phenomenon was further delineated by 31 P-NMR spectroscopy of cultured M2R cells, which showed that A-melanotropin stimulation under these conditions indeed elevated cellular cAMP to sub-millimolar concentrations coinci-dental with an equimolar decline in cellular ATP. Furthermore, this treatment of the cells acutely induced the production of three additional peaks in the phosphomonoester region of the 31 P-NMR spectrum, an effect that was not mimicked by forskolin, a potent stimulator of cAMP [8] . Phosphomonoester stimulation in C6 glioma cells by the β agonist, isoproterenol, was later reported by others using 31 P-NMR, suggesting a more widespread occurrence of this phenomenon [9] . Magnetic resonance spectroscopic studies revealed high levels of lipid metabolites, such as phosphocholine (PCho), phosphoethanolamine (PEtn) and other phosphomonoesters, including phosphosugar intermediates in a variety of tumors [10] . Phosphomonoesters reportedly increase during tumor growth, and anti-tumor treatments generally cause a decrease of these metabolites ([11Ϫ14] , and references cited therein). Some of the phosphomonoesters present in tumors have been identified, and alteration in their content and in the content of ATP is likely to reflect changes in metabolic states of tumors during normal growth or apoptosis [15Ϫ18] . However, the exact nature and mode of control of these changes and their possible correlation with the malignant state are not yet fully understood.
In the present report the nature of several phosphomonoesters stimulated by A-melanotropin in melanoma tumor cells was examined by combining 31 P/ 13 C-NMR with conventional biochemical techniques. Two of the three major phosphomonoester peaks stimulated within minutes by A-melanotropin were chemically identified as P 1 and P 6 of fructose 1,6-bisphosphate (FruP 2 ). The cellular FruP 2 levels were found to be dose-dependently stimulated by A-melanotropin and to coincide with stimulation of cAMP production. However, generation of this phos-phorsugar was not enhanced by similar cAMP levels generated by forskolin, or other non-hormonal agents, suggesting that cAMP may not be a second messenger in the process. The rate of glycolysis remained unchanged throughout this process, suggesting that FruP 2 was not rate-limiting and that its A-melanotropin-induced increase may relate to metabolic circumstances to be yet identified. The data suggest the presence of a previously unknown cellular response of melanoma cells to A-melanotropin. M2R cell cultures. M2R mouse melanoma cells were routinely cultured in Dulbecco's modified Eagle's medium:F12 supplemented with 10% heat-inactivated horse serum (culture medium) in an 8% CO 2 humidified atmosphere for 72Ϫ96 h [5] . Cultures used for experiments were approximately 90% confluent.
MATERIALS AND METHODS

Materials
For NMR studies of perfused cultures, the cells were grown on microspheres (Biosilon Nunc) as previously described [8, 20] by seeding approximately 3Ϫ4ϫ10 6 cells/ml of beads. After culturing for 3 days a cell density of about 1.5Ϫ3ϫ10
7 cells/ml of beads was attained.
Metabolic 32 Pi labeling of M2R cells. M2R cells (2.5Ϫ 5.0ϫ10 4 cells/well) were seeded into twenty-four well culture plates (Nunc) in culture medium containing inorganic 32 P i (12ϫ10 6 cpm/ml; final volume/well of 1 ml) and cultured for 72Ϫ96 h.
Hormonal stimulation studies. Monolayer cultures. Monolayers of M2R cells in 15-cm culture plates (NMR extract studies) or 24-well plates ( 32 P-labeling studies) were incubated at 37°C for the specified period of time in culture medium containing 0.1 mM iBuMeXan and 1 µM forskolin in the absence (control) or presence of [Ahx 4 ,DPhe 7 ]A-melanotropin (1 pMϪ 0.1 µM). The low concentration of forskolin (1 µM) used does not elevate cAMP by itself, but significantly potentiates the response to A-melanotropin [5] and other hormones [21] . Therefore this low dose of forskolin was included in the standard test medium in order to obtain a strong response to A-melanotropin. At higher concentrations (50 µM), forskolin by itself was able to stimulate cAMP production to levels comparable to those obtained with A-melanotropin. At the end of the incubation period the culture medium was aspirated. The plates were washed twice with saline at room temperature and ice cold methanol was added (4 ml/plate or 150 µl/well). The plates were kept on ice and then subjected to dual-phase extraction [22] , as described below. Each experiment was performed at least three times with triplicate samples ; the results of representative experiments are presented.
Perfusion studies of M2R cells performed in the NMR spectrometer. M2R cell cultures on microcarrier beads (Ϸ3Ϫ6ϫ10 7 cells/2 ml of beads) were perfused in the spectrometer under conditions identical to those present in the culture incubator using 70 ml of culture medium in a closed loop, as previously described [8] . Following base-line recording, the cells were stimulated under conditions identical to those described for the 32 P i -labeling experiments above and the resulting 31 P and 13 C spectra were recorded. All additions were achieved by injection into the perfusion reservoir, and deletion or change of medium was achieved by total replacement of the medium reservoir.
Analysis of cell extracts. Cell extracts were obtained by the dual-phase extraction [22] . This method, which is a salt-free chloroform/methanol extraction, quantitatively allows recovery of both the water-soluble and lipid components from the same cell sample at a physiological pH. Briefly, the cells were detached from the culture plates/wells by ice-cold methanol. The extracts of triplicate plates/wells were pooled and transferred to test tubes that contained an equal volume of chloroform and the mixture vigorously vortexed. Each plate or well was then washed with one volume of distilled water and added to the respective methanol/chloroform-containing test tubes, creating a chloroform/methanol/water ratio of 1 :1:1 (by vol.). The tubes were vortexed vigorously and left overnight at 4°C for phase separation to occur. The upper methanol-water phase, which contained the water-soluble cell metabolites, and the lower chloroform phase, which contained the cellular lipids, were separated and stored at Ϫ20°C. In the 32 P i -labeling studies, approximately 10% of the total radioactivity added to the culture medium was incorporated into the cells. Upon extraction with the dual-phase extraction procedure about 50, 30 and 20% of the incorporated radioactivity was recovered in the upper methanol-water, the intermediate (proteins, nucleic acids) and in the lower chloroform phases, respectively. When required the samples were dried in a Speedvac centrifuge and redissolved in 50% methanol, distilled water or chloroform. For NMR experiments, extracts were further prepared as previously described [22] .
Charcoal adsorption. For charcoal fractionation of water soluble extracts, 1 g of activated charcoal and 0.1 g of dextran were added to 10 ml of 0.25 N HCl and stirred overnight at 4°C. The mixture was stored at 4°C until used:
Fractionation of 32 P-labeled extracts. Aliquots [10Ϫ20 µl (1Ϫ2 mg)] of the charcoal-dextran suspension were added/ 100 µl of the 32 P-labeled extract and adsorption was allowed to proceed for 30 min on ice with intermittent vortexing. The tubes were then centrifuged and the supernatant removed and analyzed.
Fractionation of extracts for 31 P-NMR analysis. Aliquots of the charcoal suspension [200 µl (20 mg)] were pelleted in a microfuge tube and the supernatant discarded. Cell extracts (0.5 ml) in D 2 O were adjusted to pH 3.0 with HCl, added to the charcoal pellets, vortexed and left for 30 min on ice with intermittent mixing. The tubes were then centrifuged to pellet the charcoal. The supernatants were removed and adjusted to pH 8.2 with NaOH and used for NMR analysis.
NMR spectroscopic studies. 31 P-NMR of cell extracts. The spectra of these extracts were recorded on an AMX-400 Bruker spectrometer (162 MHz), using either 45°pulses with 2-s repetition delay or 90°pulses with 15-s repetition delay and proton composite pulse decoupling (CPD) during the acquisition time. The areas of the signals in the spectra of the extracts were measured by the integration mode of the spectrometer. The chemical shift was referenced to A nucleotide triphosphate (NTP) at Ϫ10.03 ppm.
31 P-NMR and 13 C-NMR studies of perfused cell cultures. These spectra were recorded directly on live cells cultured on beads (see above) as described previously [8] . Recordings were performed with a Bruker AM-500 spectrometer, using a 10-mm inner diameter probe, which permitted software-controlled, alternating acquisitions of 31 P and 13 C spectra. The 31 P spectra of the perfused cells were recorded at 202.5 MHz with 45°pulses, 2-s repetition time, and proton CPD of Ϸ1 W. The chemical shift was referenced either to creatine-P (Ϫ2.47 ppm) or A-NTP (Ϫ10.03 ppm).
13 C spectra were recorded at 125.7 MHz using 45°p ulses, 2-s repetition time, and CPD of approximately 1 W. The chemical shifts were referenced to β- [1- 13 C]glucose (96.8 ppm). The content of the 13 C-labeled metabolites was determined from their corresponding signal area referenced to the initial area of [1-
13 C]glucose (Aϩβ stereoisomers) present at a concentration of 15.4 mM, and taking into account differences in T 1 relaxation and nuclear Overhauser enhancement.
Thin layer chromatography. Silica TLC. For analysis of phospholipids, silica TLC plates were developed in chloroform/ methanol/acetic acid (50:25:10, by vol.) and appropriate markers were used.
Poly(ethylimine)-cellulose TLC. For analysis of water-soluble metabolites, poly(ethylimine)-cellulose TLC plates (20ϫ 20 cm) [23] were developed with 0.3 M or 1.0 M LiCl or in a two-step procedure where the developer (0.3 M LiCl) front was first allowed to run 10 cm and the plate then transferred to 1.0 M LiCl and allowed to migrate another 8.5 cm.
Cellulose TLC. Two-dimensional chromatography was performed on cellulose TLC plates. The first dimension was developed in isobutyric acid/NH 3 /H 2 O/EDTA (1000:50:550: by vol.: 0.5/g) and the second dimension with n-butanol/n-propanol/npropionic acid/H 2 O (400:175:285 :373, by vol.) [24, 25] .
Detection of spots on TLC plates. Unlabeled spots were detected by exposing the TLC plates to ninhydrin reagent, (amine-containing metabolites), ultraviolet light (nucleotides), or iodine vapor (lipids). Phosphates on poly(ethylimine) cellulose plates (which had been washed with absolute methanol and dried) and cellulose TLC plates were detected by spraying with phosphomolybdate reagent [25] and then heated (85°C for Ϸ10 min). For quantitative autoradiographic analysis of radioactive spots, the TLC plates were imaged in a FUJI-X Bio-imaging analyzer (BAS1000 MacBas, Fuji Photo Film Co., Ltd), and the results were quantitated after subtracting background values. Values are presented in phosphor stimulated luminescence (PSL) intensity units.
Aldolase digestion. Aldolase digestion of water-soluble cell extracts was performed as described by Taylor [26] with minor modifications. For 31 P-NMR, aldolase (5 µl ; 0.05 U) was added to 0.5 ml of a water-soluble extract (adjusted to pH 8.2 in D 2 O), and the tube incubated at 30°C for 60 min and subsequently analyzed. For the 32 P-labeled extracts, dried samples of the water-soluble phases of the dual-phase extraction were dissolved in water. Aldolase (100 µl of 0.1 U/ml) was added to 100 µl of extracts, and after an incubation at 30°C for 30 min, absolute methanol (200 µl) and chloroform (200 µl) were added. The microfuge tubes were vortexed and after phase separation, the upper methanol-water phase was subjected to charcoal adsorption followed by poly(ethylimine)-cellulose TLC analysis.
All experiments were performed at least three times and representative results are presented.
RESULTS
Detection of
32 P-labeled phosphomonoesters and the time course of their generation upon stimulation by B-melanotropin. The phosphomonoesters induced upon stimulation of M2R mouse melanoma cells with melanotropin were chemically identified. The M2R cells were metabolically labeled with 32 P i for three days and then incubated in the presence of iBuMeXan (0.1 mM) and forskolin (1 µM) without (control) or with (stimulated) [Ahx 4 ,DPhe 7 ]A-melanotropin (0.1 µM) for various time periods. Next, the cells were extracted by the dual-phase extraction procedure, and samples of the methanol/water (water-soluble) and chloroform (lipid) phases were chromatographed, respectively, on poly(ethylimine)-cellulose TLC (Fig. 1aϪd) and silica TLC (Fig. 1e) . The water-soluble cell extracts were separated on poly(ethylimine)-cellulose TLC using either 0.3 M LiCl (Fig. 1a) or 1.0 M LiCl (Fig. 1b and c) (Fig. 1a, b) . Two of these metabolites, cAMP and an unidentified spot designated X-2 were resolved using either 0.3 M or 1.0 M LiCl. The third spot, designated X-1, was resolved only with 1.0 M LiCl (Fig. 1b) . In order to identify X-1 and X-2, the water-soluble extracts were fractionated by charcoal adsorption prior to chromatography, which eliminated most nucleotides that contributed to the heavy background labeling (Fig. 1c) . Extracts from the unstimulated (Fig. 1c lanes 1 and 3) 4) and after (lanes 1, 2) treatment with acidic charcoal-dextran were chromatographed with 1.0 M LiCl. This charcoal treatment efficiently eliminated a large number of spots from the TLC plate, including GTP, ATP, cAMP, and NAD as expected ( Fig. 1c lanes 1 and 2) . X-1, the major remaining metabolite, and X-2 were not adsorbed by charcoal, along with 32 Pi and several other unidentified metabolites in the origin and front regions of the TLC plate. Therefore, X-1 and X-2, the only detectable metabolites whose level was stimulated by [Ahx 4 ,
A-melanotropin, are not likely to be nucleotide derivatives. Moreover, the chromatographic mobility of X-1 under the two chromatographic conditions (no mobility in 0.3 M LiCl) was compatible with molecules containing more than one phosphate group. These conditions provided a basis for analysis and quantitation of the phosphomonoesters of interest and study of their control by hormone. Sequential development with 0.3 M and 1.0 M LiCl permitted the resolution of X-1 and X-2 on one poly(ethylimine)-cellulose TLC plate (Fig. 1 d) (Fig. 2) . The cAMP levels increased sharply, in response to stimulation, reaching a peak of a nearly 30-fold increase by 30 min, and declining thereafter. The accumulation of X-1 and X-2 was more moderate, with their plateau levels (Ϸsixfold and twofold increases, respectively) being reached in about 60 min. As reported previously [8] , the ATP levels in melanotropin-stimulated M2R cells declined by about 50% with a similar time course and tended to return to base-line levels after approximately 6 h (beyond the time presented in Fig. 2) . The P i levels were essentially unchanged upon treatment with [Ahx 4 ,DPhe 7 ]A-melanotropin (data not shown). Chromatography on silica TLC of the phospholipids derived from the chloroform phase of the melanotropin-stimulated cells revealed several 32 P-labeled spots, the majority of which could be identified (Fig. 1e) . In contrast to the water-soluble metabolites, hormone-dependent or time-dependent changes in the intensity of the visualized phospholipids were not observed. 1, 2) . The chloroform phase was chromatographed on silica TLC (e). Markers: [cardiolipin, phosphatidic acid (PA), phosphatidylethanolamine (PtdEtn), phosphatidylinositol (PtdIns), phosphatidylserine (PtdSer), Lysophosphatidylethanolamine (lysoPtdEtn), phosphatidylcholine (PtdCho), and sphingomyelin (SPM)]. The air-dried TLC plates were then exposed for phosphoimaging and analyzed. All other details are described in Materials and Methods. Nle ϭ Ahx. X-1, X-2, and ATP (Figs 1 and 2 ) was determined the dependence of these changes on the concentration of [Ahx 4 ,DPhe 7 ]Amelanotropin was examined (Fig. 3) . The rate of synthesis in mouse M2R cells of these four metabolites was dose-dependently affected by [Ahx 4 ,DPhe 7 ]A-melanotropin, with half-maximal effects occurring in the picomolar range. The increase (compared with controls) was Ϸ12-, Ϸ6-and Ϸ3-fold for cAMP, X-1 and X-2, respectively. In contrast, ATP levels dropped by nearly X-1 is fructose 1,6-bisphosphate. Initially, X-1 appeared to be identical with FruP 2 , a possibility that was confirmed by five independent approaches: P-NMR analysis. 31 P-NMR spectra before (b) and after aldolase digestion (c) were recorded by accumulating 3950 transients using 45°C pulses and 2 s repetition time and proton CPD during acquisition (line broadening ϭ 2 Hz). The peaks 1 and 2 (c) were tentatively assigned to glycerone-P (DHAP) (5.50 ppm) and GraP (4.98 ppm) based on their chemical shifts in solution. All other details are described in Materials and Methods. Nle ϭ Ahx.
Aldolase digestion of [
32 P]-X-1. Aldolase, a key glycolytic enzyme, specifically and reversibly cleaves FruP 2 to triose monophosphates : glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. Therefore, 32 P-labeled cell extracts prepared from unstimulated and [Ahx 4 ,DPhe 7 ]A-melanotropin-stimulated M2R cells were subjected to aldolase digestion. Following digestion, the incubation mixture was treated with charcoal and then chromatographed on poly(ethylimine)-cellulose TLC (1.0 M LiCl, Fig. 4a ). Aldolase treatment decreased the levels of X-1 by nearly 60% (Fig. 4a compare lanes 2 and 4) but did not significantly affect the levels of X-2. The chromatographic mobility of X-1 coincided with that of the FruP 2 marker. Moreover, two new spots that co-migrated with glycerone-P and GraP appeared, which are the reaction products of aldolase cleavage of FruP 2 (Fig. 4 a lane 4) . Aldolase cleavage was also evident in extracts derived from unstimulated cells which, as expected, contained much less X-1 (Fig. 4 a compare lanes 1 and 3) . 31 P-NMR analysis of aldolase-digested cell extracts. The effect of aldolase digestion on an extract from [Ahx 4 ,DPhe 7 ]Amelanotropin stimulated M2R cells was also examined by 31 P-NMR ( Fig. 4b and c) . The two major peaks assigned to FruP 2 in the 31 P-NMR spectrum (4.68 ppm and 4.83 ppm at pH 8.2, Fig. 4 b) declined by approximately 40% following aldolase treatment with a concomitant rise in peaks 1 and 2, tentatively assigned to glycerone-P (5.50 ppm) and GraP (4.98 ppm), on the basis of the chemical shift of these phosphates in solution. Since the aldolase reaction maintains an equilibrium between the substrate and the products, the reaction could not be driven to completion under the conditions used. The aldolase treatment did not induce any other changes in the spectrum. Similar results were obtained when FruP 2 was subjected to aldolase digestion (data not shown).
Two-dimensional cellulose TLC of 32 P-labeled cell extracts. The water-soluble 32 P-labeled phosphate metabolites of charcoal-treated extracts from unstimulated (control) and [Ahx 4 ,
A-melanotropin-stimulated M2R cells were also resolved by this chromatographic system (Fig. 5) . The intensity of one prominently labeled spot which co-migrated with FruP 2 clearly A-melanotropin-stimulated extract (Fig. 5 b) . The intensity of inorganic 32 P i and other unidentified spots was similar on both chromatograms, which agreed with the findings presented in Fig. 1. X-2 , which appeared as a weak spot in the other chromatographic systems (Figs 1Ϫ3), was not resolved in this one. 31 P-NMR spectroscopy. Charcoal-treated extracts of unstimulated (control) and [Ahx 4 ,DPhe 7 ]A-melanotropin-stimulated M2R cells were analyzed by 31 P-NMR spectroscopy (Fig. 5 cϪe) . Several peaks in the phosphomonoester region of the spectrum were enhanced in the [Ahx 4 ,DPhe 7 ]A-melanotropin-stimulated extracts (Fig. 5 d) . The two most pronounced peaks (4.68 ppm and 4.83 ppm) exhibited a chemical shift that corresponds to the two phosphates of FruP 2. Addition of FruP2 (spiking) to the stimulated cell extract augmented only these two peaks (Fig. 5 e) . At both pH 8.2 and 6.4, the chemical shift of these peaks coincided with the chemical shifts of FruP 2. These findings are in agreement with X-1 being identical with FruP 2 and the two resonances in the phosphomonoester region belonging to the phosphates esterified in positions P 1 (4.83 ppm) and P 6 (4.68 ppm) of the fructose moiety. The 31 P-NMR spectrum of fructose 2,6-bisphosphate, an obvious candidate for X-1, was also examined; however, its spectrum differed significantly from that of X-1 (data not shown). Cumulatively, these experiments verify that the X-1 extracted from [Ahx 4 31 P-NMR and 13 C-NMR for over 3 h were used to further verify that X-1 is FruP 2 (Fig. 6) . In these cells the presence of several water-soluble phosphate metabolites was revealed by the 31 P spectra (Fig. 6 a) . Before stimulation, PCho (Ϸ3.8 ppm) was the predominant signal in the phosphomonoester region and a smaller signal (Ϸ4.3 ppm) was primarily due to PEtn. Shortly after stimulation (0Ϫ 15 min), a marked increase in several peaks in the phosphomonoester region was observed, in addition to the appearance of cAMP and a decline in NTPs. The two most augmented peaks in the phosphomonoester region were assigned to FruP 2 , based on the findings of the cell extraction studies described above. (Fig. 6 b) . The chemical shift of these peaks was confirmed by the 13 C spectra of medium that contained FruP 2 at natural abundance (data not shown). Thus the sequential monitoring of the [1-13 C]glucose metabolism by 13 C-NMR further supported the FruP 2 assignment to X-1.
The dynamic nature of the stimulation of FruP 2 synthesis by [Ahx 4 ,DPhe 7 ]A-melanotropin became evident when the [1-13 C]-enriched glucose in the medium was replaced by glucose with 13 C at natural abundance; the two 13 C peaks of FruP2 disappeared rapidly (Fig. 6 b, 45Ϫ60 min) . However, the ensuing 31 P spectra (Fig. 6 a, 60Ϫ75 min) clearly showed that the disappearance of the 13 C FruP2 peaks was not due to a decrease in the FruP 2 level, but rather to the replacement of the 13 C source. When the level of FruP 2 finally became low again ( 31 P spectra at 150Ϫ165 min), a re-addition of [1-
13 C]glucose to the perfusate did not cause a reappearance of the 13 C FruP 2 peaks (165Ϫ 180 min). These results are in agreement with FruP 2 being the major phosphomonoester stimulated by melanotropin in M2R cells.
Since a transient accumulation of FruP 2 occurs as a result of stimulation by melanotropin, the kinetics of the overall rate of glycolysis in M2R cells were examined. The rate of glucose consumption (0.84 mM/h, equivalent to 1176 fmol/h/cell) and lactate production (0.6 mM/h, equivalent to 840 fmol/h/cell) were determined from 13 C measurements of M2R cells perfused with medium containing [1-
13 C]glucose (Fig. 7) . The rate of glucose utilization and glycolysis remained constant and unaffected by stimulation with [Ahx 4 ,DPhe 7 ]A-melanotropin. These results indicated that approximately 71% of the glucose was metabolized via glycolysis, with the remaining presumably entering other metabolic pathways, such as the Krebs cycle, glycogen synthesis, and the pentose phosphate shunt. (Figs 2 and 3) . To examine whether cAMP is indeed the second messenger that mediates the effect of melanotropin on FruP 2 levels, the FruP 2 A-melanotropin, but were essentially unchanged by forskolin alone (50 µM). The slight but apparent inhibition by forskolin alone to below basal FruP 2 levels was viewed as insignificant in this chromatographic analysis. The presence of iBuMeXan did not appear to affect these phenomena significantly. In preliminary experiments, prostaglandin E 1 (PGE1), another receptor-mediated adenylate cyclase stimulator in M2R cells [5] , was also found to stimulate the production of FruP 2 in a manner similar to A-melanotropin (data not shown). In contrast, cholera toxin, which highly stimulates cAMP production in M2R cells did not enhance FruP 2 production. Furthermore, stimulation of FruP 2 was not observed in M2R cells treated with 8-Br-cAMP (data not shown).
Elevation of cAMP is not sufficient for
Based on these findings it appears unlikely that the effect of melanotropin on FruP 2 synthesis in these melanoma cells is mediated by cAMP alone.
DISCUSSION
In this study we identified a novel acute cellular response of M2R melanoma cells to melanotropin. The P 1 and P 6 of FruP 2 were identified as the two major peaks augmented in the phos- ]B-melanotropin and forskolin. Incubation of cells was for 90 min. For analysis of cAMP the methanol/water phase of the dual-phase extracts of the 32 P-labeled M2R cells (triplicates pooled) were chromatographed on poly(ethylimine) cellulose and developed in 0.3 M followed by 1.0 M LiCl. For analysis of FruP 2 the extracts were charcoalfractionated before chromatography. All other details were described under Materials and Methods; iBuMeXan was 0.1 mM. PSL, phosphor stimulated luminescence.
Product
Production (Fig. 6) , and in their extracts (Figs 4 and 5) . The first indication that X-1 contained two phosphates emerged from its immobility on poly-(ethylimine)-cellulose (0.3 M LiCl) and its somewhat faster migration than ATP in 1.0 M LiCl (Fig. 1) . The possibility that X-1 was FruP 2 arose from the results obtained by two-dimensional cellulose TLC [24] of 32 P-labeled metabolites of [Ahx 4 ,
A-melanotropin-stimulated cells (Fig. 5 a, b) . The identity of X-1 was further substantiated by aldolase digestion (Fig. 4) and by spiking the [Ahx 4 ,DPhe 7 ]A-melanotropin-stimulated peaks (4.68 ppm and 4.83 ppm) with commercial FruP 2, which augmented the P 6 (4.68 ppm) and P 1 (4.83 ppm) peaks of FruP 2 , respectively (Fig. 5 cϪe) .
By alternating 13 C-NMR and 31 P-NMR spectroscopy of [1-13 C]glucose-perfused cells (Fig. 6 ) the identity of FruP 2 as the major stimulated metabolite in the 31 P spectrum was confirmed, and an isotopic equilibration between the 1-13 C of glucose and the C 1 and C 6 positions of FruP 2 was shown. The latter finding indicated fast isotopic equilibration, presumably through the aldolase, triose phosphate isomerase, and FruP 2ase reactions. Furthermore, the dynamic and noninvasive nature of this experimental procedure provided a unique view of the relative behavior of the glucose metabolites as a function of time before, during, and after hormonal stimulation. The results also indicate that labeling of FruP 2 is closely associated with glucose uptake. Overall, the results strongly support the conclusion that in M2R cells melanotropin elevates FruP 2 derived from external glucose.
This study confirms our previous finding that melanotropin stimulates the production of three peaks in the phosphomonoester region of the 31 P-NMR spectrum of M2R cells [8] . Our original suggestion that one of these major phosphomonoester peaks is PEtn resulted obviously from the overlap of the chemical shift of PEtn (at cellular pH Ϸ7.4) with that of P 6 of FruP 2 . The chemical identities of the third phosphomonoester peak in the 31 P spectrum and the minor 32 P-labeled metabolite, X-2, have yet to be determined. X-2, a minor component, is distinct from PEtn, since it exhibits different chromatographic mobilities (Fig. 1a) . The migratory pattern of X-2 also differed from that of monomethylated and dimethylated PEtn (data not shown). Thus further investigation is needed to identify this melanotropin-stimulated intermediate. Although the elevation of FruP 2 and cAMP and the decline of ATP in response to melanotropin exhibited similar onset times and dose-dependence (Figs 2 and  3) , the time course of their return to pre-stimulation levels differed (Figs 2, 6 ). The decline in cAMP, which might be due to desensitization of adenylate cyclase, was visible as early as 30 min after stimulation (Fig. 2) , with base-line levels of both ATP and cAMP attained by approximately 75 min, whereas levels of FruP 2 did not reach the base-line even 165 min after stimulation (Fig. 6) . A slower decline in melanotropin-stimulated phosphomonoester levels (up to 10 h) even after washing out of the hormone was also observed by us previously [8] . The differential behavior of these metabolites suggests that coincidentally with the acute metabolic response, a slower response, possibly due to gene expression, may be initiated and lead to changes in enzyme levels responsible for the high levels of FruP 2 , beyond the time window of the cAMP spike. Furthermore, this time gap indicates independence of the FruP 2 and cAMP responses. X-2 levels appeared to behave more like FruP 2 than cAMP (Figs 1 and 2) .
The possibility that cAMP acts as the sole second messenger in melanotropin or PGE 1-stimulated FruP2 accumulation was discounted, since elevation of cAMP to equal or higher levels by non hormonal agents like forskolin (Table 1) , cholera toxin, or 8-Br-cAMP (data not shown) did not lead to accumulation of FruP 2 .
The results of this study do not conform with the criteria set by Sutherland [27] for implicating cAMP as a second messenger in this process. Other mechanisms downstream to the melanotropin receptor may account for these observations even though they are less known. cAMP-independent responses to melanotropin have been described by us in brain astrocytes [28] and in B16 melanoma cells where protein kinase C (PKC) [29] and the nitric oxide pathway [30] have been implicated. The exact pathway that connects melanotropin to the rise in FruP 2 in these cells has still to be elucidated.
While insufficient for mediating the melanotropin response in melanoma cells by itself, cAMP may be involved in the control of FruP 2 synthesis in a complex way involving more then one mechanism. It should be noted that in a protein-kinase A mediated mechanism, cAMP is known to control the levels of fructose 2,6-bisphosphate (Fru2,6-P 2 ), a specific activator of PFK [31Ϫ34]. This process differentially controls PFK to decrease FruP 2 in normal liver and increase it in muscle [35] . With the melanoma cells used in this and previous studies, it appears that the degree of stimulation reached under these conditions is extreme, with cAMP levels reaching approximately 50% of the cellular adenine pool [5] . This cAMP sink coincidentally depletes the cellular ATP pool as we have shown [5, 8] . The acute ATP deficiency by itself, may stimulate PFK to synthesize FruP 2 to the limit of available ATP, a situation that may be further augmented by Fru2,6-P 2 [31Ϫ34] . The hyperactivity of PFK may thus exaggerate the critical ATP situation in even a more significant manner than earlier proposed for adenylate cyclase [36] . All these changes take place in a situation where FruP 2 levels are not rate-limiting for glycolysis (Fig. 7) . The possibility that FruP 2 levels may fluctuate independently of the rate of glycolysis (measured by lactate production) has been demonstrated by Hardin and his colleagues who described simultaneous, yet separable fluxes of glycolytic intermediates involved in glycolysis and gluconeogenesis [37] .
In tumor cells the activity, specificity, and response to the control of many tyrosine and serine protein kinases as well as protein phosphatases, including oncogenes or cellular homologues, are drastically changed. Numerous studies on the dominant metabolic role of aerobic glycolysis in tumors and tumor cells have shown that high glycolytic activity ensures cell survival and proliferation even in hypoxic environments. Under such conditions, major phospho-intermediates of this pathway, including FruP 2 become elevated due to a reduction in the levels of the respective enzymes that degrade them, including FruP 2 ase. One change, specifically associated with tumor cells, is that PFK is expressed in two isoforms that are activated by both FruP 2 and Fru2,6-P 2 , the latter being also up-regulated by PKC ([12Ϫ14, 33, 34] , and references therein). Thus stimulation of PKC by melanotropin could potentially explain transient elevation of FruP 2 .
A complex interrelationship between FruP 2 levels and the activity of pyruvate kinase type M 2 (K), (PKM2) and PFK in tumor cells has been described ( [13] and references therein). The low activity of PKM 2 in tumors retards glycolysis and leads to elevation of FruP 2, which in turn stimulates this enzyme along with PFK. Pyruvate and ATP generation by activated PKM 2 respectively enable NAD generation by lactate dehydrogenase (deblocking the GraP dehydrogenase) and the inhibition of PKF. In addition, PKM 2 activity is controlled in a rather complex manner by cAMP-independent serine and tyrosine phosphorylation mediated by hormones and growth factors [13] . These properties place PKM 2 in an important position in the control of glycolysis in tumors. It is thus tempting to suggest that in melanoma tumors, hormonal control of FruP 2 may be linked to inhibition of PKM 2 by melanotropin. Such a putative decline in activity can take place without affecting the overall rate of glycolysis as long as PKM 2 does not become the rate-limiting step of the process.
In summary, the phenomenon whereby melanotropin stimulates FruP 2 in cultured melanoma cells conforms well with the elevated phosphomonoester levels observed in many tumors. Identification of the exact underlying mechanism involved, its physiological relevance to the tumor state, and the generality of this phenomenon must await further study.
